Immobilization of lipases has proved to be a useful technique for improving an enzyme's activity in organic solvents. In the present study, the performance of a silica-immobilized lipase was evaluated for the synthesis of isopropyl ferulate in DMSO. The biocatalyst was cross-linked onto the matrix with 1% glutaraldehyde. The effects of various parameters, molar ratio of ferulic acid to isopropyl alcohol (25 mM : 100 mM), concentration of biocatalyst (2.5-20 mg/mL), molecular sieves (25-250 mg/mL), and various salt ions, were studied consecutively as a function of percent esterification. Immobilized lipase at 25 mg/mL showed maximum esterification (∼84%) of ferulic acid and isopropanol at a molar ratio of 25 mM : 100 mM, respectively, in DMSO at 45
Introduction
In nature, enzymes generally perform their biological functions in aqueous solutions. However, nonaqueous enzymology has found potential applications in enzymatic synthesis as studied by our research group [1, 2] . From the biotechnological point of view, there are numerous advantages of conducting immobilized biocatalyst promoted enzymatic conversions in organic solvents as opposed to reactions performed in water-based systems. The waterrestricted/organic based reaction system has inherent advantages such as high solubility of most organic compounds in nonaqueous media, ability to carry out new reactions impossible in water because of kinetic or thermodynamic restrictions, and greater stability of enzymes and relative ease of product recovery from organic solvents as compared to water [3] . For various enzymatic reactions, immobilized lipases have been widely studied as an effective tool to achieve hydrolysis/esterification, easy separation of end product(s) and effective separation of biocatalyst. Most proteins are poorly soluble in organic solvents, and it is often necessary to immobilize enzyme onto a suitable porous matrix that provides an increased interfacial surface area, easy separation of catalyst, and its reuse. Also from an industrial point of view, immobilized biocatalysts offer economic incentives of enhanced ease of handling, easy recovery, and reuse relative to nonimmobilized forms [4] . Ferulic acid possesses many potential medical applications that include its use as a scavenger of free radicals or as a protective agent against UV radiation-induced skin damage [5] . Sodium ferulate, the sodium salt of ferulic acid, has been used as medicine in clinical treatment of cardiovascular disease [6] and cerebral thrombosis [7] . Ferulic acid is an antioxidant compound as a result of resonance stabilization of its phenoxy radical by the conjugation of the aromatic nucleus and its extended side chain. This compound is readily isolated from maize waste, where it comprises up to 3% (w/w) of total dry mass [8] . Alkyl ester of ferulic acid, such as octyl ferulate, has been observed to have higher antioxidant activity than the acid itself, and the activity of octyl ferulate was reported to be comparable to butyl hydroxyl toluene a lipid soluble antioxidant [9] . Moreover oryzanol, a rice 2 Enzyme Research bran extract primarily consisting of cycloartenyl ferulate and 24-methylenecycloartenyl ferulate, is widely used in the cosmetic industry as an antioxidant [10, 11] . Further, sterol ferulate possesses other pharmacological activities such as anti-inflammatory effects [12] .
The ester synthesis in organic medium requires careful selection of an organic solvent, optimal relative ratio of reactants, optimal reaction time and temperature, and so forth. An appropriate solvent is always necessary to solublize the substrates and to partition substrates and products in different phases [13] . In some cases, the solvent might be responsible for enzyme's saturation or inhibition. Poor solubility of ferulic acid in most of the solvents such as water and short chain alkanes is responsible for its little use in industry. The solvent is also necessary in case of cosoluble substrates (liquid or solids and liquids) for ester synthesis or trans-esterification [14, 15] . Water activity associated with dehydrated/immobilized enzyme plays several roles in its structure and functions that included action on enzyme's structure by contribution to all noncovalent bonding, alteration of protein structure by disruption of Hbonds, facilitation of reagent diffusion, and participation in the equilibrium control [16] . The enzyme sometimes might be inactive in dehydrated systems. Thus, it is essential to study the effect of various physical factors as well as solvents to perform the desired esterification in a water-free medium.
In the present study, effects of various reaction parameters on the synthesis of isopropyl ferulate by immobilized lipase have been studied systemically. Isopropyl ferulate is used in the reduction of pharmaceuticals, preparation of antifungal agents, cosmetics and as antioxidant agent and so forth.
Materials and Methods

Chemicals.
Ferulic acid (4-hydroxy-3-methoxy cinnamic acid) and isopropanol were procured from Merck Schuchardt, Germany and DMSO (Dimethylsulfoxide) from Sigma Aldrich, USA; molecular sieves (3Å × 1.5 mm) were from E. Merck (India) Ltd.. The commercial lipase, Steapsin, was obtained from Sisco Research Laboratory, Mumbai (India) and the matrix Silica 100-200 mesh was procured from s-d fine Chemicals, Mumbai (India). All these chemicals were used as received.
Determination of Lipase Activity.
The activity of free and immobilized enzyme was measured by a calorimetric method [17] . The reaction mixture contained 80 μL of pnitrophenol palmitate (p-NPP) stock solution (20 mM p-NPP prepared in isopropyl alcohol), the test sample (lipase), and Tris buffer (0.05 M, pH 8.5) to make final volume to 3 mL. The reaction mixture was incubated at 45
• C for 10 min in a water bath. The reaction was stopped by keeping the reaction mixture at −20 • C for 10 min. An appropriate control with a heat-inactivated enzyme (5 min in a boilingwater bath) was included with each assay. The absorbance of p-nitrophenol released was measured at A 410 . Each of the assays was performed in triplicate, unless otherwise stated, and the mean values were recorded. One unit (1 IU) of lipase activity was defined as the micromoles of p-nitrophenol released per minute by the hydrolysis of p-NPP by 1 mL of soluble enzyme or 1 g of silica bound enzyme (weight of matrix included) at 45
• C under assay conditions. All the additives including buffer were preincubated for a short period (3 min) before the enzyme was added to start the reaction. The specific activity was expressed as micromoles of the p-nitrophenol released per min by 1 mg of protein.
Determination of Protein Content.
Protein concentration was determined using bovine serum albumin as a standard [18] . The silica-immobilized lipase was prepared in bulk for subsequent use.
Immobilization of Enzyme onto Silica.
The matrix was washed three times with Tris buffer 0.05 M (pH 8.5) to remove any type of the soluble impurities. The silica (4 g), pre-equilibrated in an excess volume of Tris buffer (0.05 M, pH 8.5) [19] , was incubated with commercial lipase "Steapsin" (5.32 IU/mL and 18.2 mg/mL protein) at 8
• C overnight. The volume of the supernatant, amount of unbound protein, and the lipase activity were estimated. The weight of the enzyme-incubated matrix was determined and the bound lipase activity was assayed using 20 mg of matrix/reaction volume (2 mL) unless stated otherwise. The bound protein in the matrix was determined by subtraction of the unbound protein in the supernatant from the total protein used for immobilization [20] . Hydrolytic properties of the silica-immobilized lipase were evaluated under various reaction conditions for the synthesis of isopropyl ferulate in DMSO. The silica-bound biocatalyst was treated with a crosslinking agent (glutaraldehyde; 1%, v/v) so as to retain its activity for a longer period of time [21] [22] [23] .
Effect of Buffer pH and Temperature on Hydrolytic Activity of Silica-Bound Lipase.
The reaction variables such as buffer pH (7.0, 7.5, 8.0, 8.5, 9.0, and 9.5) and reaction temperature (30 to 60 • C) on the catalytic potential of the matrix-bound lipase were studied by incubating the immobilized lipase (20 mg/reaction volume of 2 mL) separately in glass tubes containing Tris buffer adjusted to the specified pH (0.05 M and 0.1% w/v gum acacia). The lipase activity was assayed after 10 min of incubation at 37
• C. The buffer pH that was found to be optimum to hydrolytic reaction was further selected to study the effect of reaction temperature on hydrolysis of p-NPP.
Esterification of Isopropyl Alcohol and Ferulic Acid.
Isopropyl ferulate synthesis was performed by using isopropanol (100 mM), ferulic acid (25 mm), and silica-bound lipase (20 mg, ∼5.3 IU) taken in 2.0 mL of DMSO in Teflonlined glass vial (5 mL capacity). The reaction was performed at 45
• C for 3 h along with buffer-activated silica as a control under shaking (150 rev/min). Each of the reactions was performed in duplicate, and average values were calculated. Samples (10 μL) were withdrawn at intervals and analyzed by gas liquid chromatography (GLC) for the presence of isopropyl ferulate.
Analysis of Isopropyl Ferulate by GLC.
The isopropyl ferulate produced in the reaction cocktail was analyzed by GLC equipped with a flame ionization detector and a column (10% SE-30 Chrom WHP, 2 meter length, mesh size 80-100, internal diameter 1/8 inches, maximum temperature limit 300 • C; Netel Chromatograph, Thane, India). Nitrogen was used as a carrier gas (30 cm 3 /min). The injector was set at 260
• C, detector at 270
• C, and the column/oven temperature at 250
• C. The sample size for the GLC analysis was 2 μL.
Optimization of Reaction Parameters for Synthesis of
Isopropyl Ferulate. The effect(s) of various factors such as reaction time, relative molar concentration of reactants, amount of molecular sieves, and reaction temperature on the synthesis of isopropyl ferulate was separately evaluated. All esterification reactions were performed in triplicate using 20 mg of silica-bound lipase per reaction volume (2 mL) at 45
• C under shaking (150 rev/min). The concentration of ferulic acid and isopropanol was varied one at a time by keeping the other one constant. The isopropanol concentration was kept at 100 mM, and ferulic acid concentration was varied as 25, 50, 75, and 100 mM. The reaction was carried out for 15 h at 45
• C under shaking. Further esterification reactions were carried out at optimized molar concentrations of ferulic acid and ethanol (i.e., 100 mM isopropanol and 25 mM ferulic acid in DMSO).
The solvent phase (2 μL) of reaction mixture was periodically (2 h intervals) sampled and analyzed by GLC for the presence of isopropyl ferulate. The optimized reaction time was adopted in the subsequent experiment. The synthesis of isopropyl ferulate was performed by placing varying amounts of the immobilized biocatalyst (2.5-17.5 mg/mL in duplicates) in 2 mL of reaction mixture containing 25 mM of ferulic acid and 100 mM of isopropanol in DMSO at 45
• C for 3 h under shaking (150 rev/min). The effect of reaction temperature (30, 35, 40, 45, 50, 55, and 60 • C) on the synthesis of isopropyl ferulate was also studied by incubating the reaction mixture containing isopropanol : ferulic acid (100 mM : 25 mM) in DMSO and silica-immobilized lipase (10 mg/mL) at each of the selected temperatures for 3 h under shaking. To study the possible inhibitory role of water that is produced as a byproduct in the reaction mixture during the esterification reaction, molecular sieves (25-250 mg/mL) were added to reaction mixture containing 10 mg/mL of biocatalyst. The esterification was achieved at 45
• C for 3 h, and isopropyl ferulate formed in each • C under shaking. Thereafter, the silica-bound lipase was spun down (10,000 × g for 2 min at room temperature), and the buffer containing salt ion(s) was completely decanted by inversion. The sedimented bound enzyme was washed in DMSO (2 mL) once and spun down again to perform the esterification as above. The synthesis of isopropyl ferulate was recorded thereafter by GLC. 2+ , Ca 2+ , and Fe 2+ ) on Esterification. The optimized concentration of molecular sieves that enhanced the esterification and the salt ions (Cd 2+ , Ca 2+ , and Fe 2+ ) promoting the synthesis of isopropyl ferulate was selected for further studies. The immobilized biocatalyst (12.5 mg/mL) separately pretreated with the salt ions (Cd 2+ , Ca 2+ , or Fe 2+ ) at 1, 3, or 5 mM for 1 h at 45
Cumulative Effect of Molecular Sieves and Varying Concentrations of Selected Salt Ions (Cd
• C (0.05 M Tris buffer, pH 8.5) was used to catalyze the esterification of ferulic acid (25 mM) and isopropanol (100 mM) in DMSO.
Reusability of the Immobilized Lipase in Continuous
Cycles of Esterification. The immobilized lipase exposed to 3 mM of Ca 2+ ions (0.05 M Tris buffer, pH 8.5) was used for the synthesis of isopropyl ferulate in DMSO, repetitively up to 8 cycles of 3 h each at 45
• C under shaking. After the first cycle of esterification, the biocatalyst was recovered (by centrifuging and decanting the reaction mixture), and the washed biocatalyst (25 mg) was added to 2 mL of fresh reaction mixture for the synthesis of isopropyl ferulate as above. The silica-bound biocatalyst was recovered, washed, and reused for the next cycle of ester synthesis. The reaction system contained 25 mM ferulic acid and 100 mM isopropanol, and the reaction was carried out under optimized conditions.
Statistical
Analysis. An analysis of variance (ANOVA) was conducted on the data obtained in each of the experimental studies with statistical package Assistat version-7.4 beta 2010" for comparison of mean responses (mean standard error) and to determine the statistical significance. The standard deviation (SD) about the mean for each of the regimens was depicted in the figures. 
Results and Discussion
Immobilization of the Commercial Lipase.
The commercial lipase Steapsin was optimally immobilized onto silica that retained 95.3% of total protein used for immobilization. The activity of free lipase was found to be 5.6 IU/mL. After immobilization onto silica, the bound lipase exhibited 5.3 IU/mL activity. Thus, following immobilization, the silica matrix retained approximately 98% of originally used lipase as reflected by the hydrolytic activity of the bound biocatalyst. In a previous study, lipase immobilized onto a poly (MAc-co-DMA-cl-MBAm) hydrogel showed approximately 94% binding of lipase. The hydrogel-bound lipase also gave a higher yield for both hydrolysis of p-NPP and esterification for the synthesis of isopropyl myristate as compared to other polymers [24] .
The hydrolytic activity of the silica-bound lipase was recorded at each of the selected pH of the Tris buffer, namely, 7.0 (2.16 IU/mL), 7.5 (3.08 IU/mL), 8.0 (4.91 IU/mL), 8.5 (5.84 IU/mL), 9.0 (5.44 IU/mL), and 9.5 (4.11 IU/mL). At pH 8.5 and 9.0, the observed activities were significantly higher than those obtained at other pH values (P < .05). Among the selected temperature of 30
• C (0.81 IU/mL), 35
• C (3.94 IU/mL), 40
• C (4.77 IU/mL), 45
• C (5.80 IU/mL), 50
• C (5.77 IU/mL), 55
• C (4.78 IU/mL), and 60
• C (4.12 IU/mL) at which the hydrolytic activity of bound lipase towards p-NPP was studied, the silica-bound lipase showed comparable activities at 45 and 50
• C that were significantly higher than those recorded at other reaction temperatures. Thus, a pH 8.5 and temperature 45
• C was considered optimum for the activity of the bound lipase.
Effect of Physicochemical Parameters on Esterification.
The exploitation of commercial applications of lipases for preparing value-added specialty products from lipids by esterification/transesterification depends on understanding and controlling reaction selectivity towards different substrates [25] . Various features of reaction selectivity of lipases are modulated by exogenous factors such as type of organic solvent, choice of cosubstrates/reactants, water activity, pH, temperature, and immobilization [26] [27] [28] [29] . The optimum values of temperature, pH, time of reaction, and molar concentration of reactants must be determined in each case to carry out the desired esterification reaction expecting higher yield [30] . In the present study, concentration of the biocatalyst, molecular sieves, and some of the selected salt ion(s) showed cumulative effect to enhance the yield of isopropyl ferulate in the reaction mixture.
Kinetics of immobilized lipase catalyzed synthesis of isopropyl ferulate was studied for 15 h at 45
• C in DMSO under continuous shaking at 150 rpm. The isopropyl ferulate was formed with a maximum conversion rate of approximately 83.6% within a short period of 3 h. Thus, in the subsequent experiments a reaction time of 3 h at 45
• C for immobilized lipase was considered optimum for the synthesis of isopropyl ferulate. The reaction temperature often has an important effect on the physical state of substrate dispersion also. Higher temperature and liquefaction tend to make the substrate more diffusible and hence easily acceptable to the • C using 100 mM isopropanol (IP) and 25 mM ferulic acid (FA) in DMSO under shaking. The ester yield was significantly higher ( * ) when FA : IP was used at 25 mM : 100 mM than ester yield obtained at 75 mM : 100 mM and 100 mM : 100 mM, respectively, under identical reaction conditions. enzyme [31] . But ferulic acid is unstable at high temperatures where it undergoes oxidation [32] . The concentrations of ferulic acid and ethanol were varied one at a time keeping the other one constant. The concentration of isopropanol was kept 100 mM and ferulic acid concentration was varied as 25, 50, 75, and 100 mM. The reaction was carried out for 15 h at 45
• C under shaking. The maximum ester synthesis was recorded when concentration of ferulic acid and isopropanol was 25 mM : 100 mM. A subsequent significant decrease (P < .05) in the ester formation with an increase in the concentration of ferulic acid up to 100 mM was observed (Figure 1 ). On the basis of these observations, further esterification reactions were carried out at optimized molar concentrations of ferulic acid and isopropanol (25 mM and 100 mM, resp.). In a recent study, the synthesis of ethyl ferulate was carried out by using equimolar mixture of ethanol and ferulic acid using celite-bound lipase at 45
• C [24] . The synthesis of isopropyl ferulate was performed by placing varying amounts of the immobilized lipase (2.5-20 mg/mL) in 2 mL of a reaction mixture containing 100 mM isopropanol and 25 mM ferulic acid in DMSO at 45
• C for 3 h under shaking (150 rpm). Approximately, 80% yield of isopropyl ferulate with 12.5 mg/mL immobilized biocatalyst was recorded (Figure 2) . In a recent study, 10 mg/mL of celitebound lipase was found to give an optimum yield of ethyl ferulate in DMSO [24] . Enzyme concentration is known to influence esterification reaction. Temperature had an important effect on the physical state of substrate dispersion also. Higher temperature and liquefaction tend to make the substrate more diffusible and hence easily acceptable to the Ester yield (%)
Biocatalyst (mg/mL) * Figure 2 : Effect of silica-bound biocatalyst concentration on synthesis of isopropyl ferulate. The esterification was performed for 3 h at 45 • C using isopropanol (100 mM) and ferulic acid (25 mM) in DMSO under shaking. The ester yield was significantly higher ( * ) when 12.5 mg/mL of silica-bound biocatalyst was used (P < .05). The esterification was performed for 3 h at specified temperature using isopropanol (100 mM) and ferulic acid (25 mM) in DMSO under shaking. A significantly higher ( * ) yield of isopropyl ferulate was recorded at 45 and 50
• C in comparison to the other reaction temperatures using silica-bound biocatalyst (P < .05).
enzyme [33] . In a previous study, lipase immobilized onto a poly (MAc-co-DMA-cl-MBAm) hydrogel showed higher yield for both hydrolysis and esterification for the synthesis of isopropyl myristate as compared to other polymers [34] .
The silica-immobilized lipase performed the synthesis of isopropyl ferulate (81.2 mM) much efficiently at 45
• C (Figure 3) . The optimal synthesis of ethyl ferulate using celite-bound lipase was also observed at the same temperature [24] , as the increase above 30
• C showed a corresponding increase in the rate of esterification and maximum percentage yield was observed at 45
• C. However, increase Ester yield (%) * Figure 4 : Effect of molecular sieves on synthesis of isopropyl ferulate. The esterification was performed for 3 h at 45
• C using isopropanol (100 mM) and ferulic acid (25 mM) in DMSO under shaking. A significantly higher ( * ) yield of isopropyl ferulate was recorded when molecular sieves were added to the reaction cocktail at 100 mg/mL concentration in compassion to the yield recorded at 175-250 mg/mL of molecular sieves using silica-bound biocatalyst (P < .05). Figure 5 : Effect of salt ions on the synthesis of isopropyl ferulate. The silica-bound lipase pre-exposed to the selected salt ions (1 mM) for 1 h at 45
• C was used to achieve esterification of isopropanol and ferulic acid (100 mM : 25 mM) in DMSO under shaking in 3 h. in temperature beyond 45
• C resulted in a decline in the ester synthesis. With increasing concentration of molecular sieves (25 mg/mL to 250 mg/mL), the optimal yield of isopropyl ferulate (∼90 mM) was noticed when 100 mg/mL of molecular sieves were used in the reaction mixture. A further increase of the concentration of the molecular sieves (>100 mg/mL) resulted in a gradual but significant decrease in synthesis of ester (Figure 4) . Esterification of isopropanol and ferulic acid by silica-immobilized lipase in the presence of molecular sieves and certain salt ions brought about an improvement in the yield of isopropyl ferulate. Water that is produced as a byproduct of the esterification reactions performed by biocatalysts in organic media has several adverse effects on the reaction and enzyme Ester yield (%)
No ions Cd 2+ Ca 2+ Fe 2+
(mM) Figure 6 : Effect of selected metal ions on the synthesis of isopropyl ferulate. The silica-bound lipase pre-exposed to the selected salt ions prepared in Tris buffer (0.05 M; pH 8.5) for 1 h at 45
• C was used to achieve esterification of isopropanol and ferulic acid (100 mM : 25 mM) in DMSO at 45
• C under shaking in 3 h. • C using isopropanol (100 mM) and ferulic acid (25 mM) in DMSO under shaking. A significant decline in the yield of isopropyl ferulate was recorded after each cycle of repetitive esterification after the 1st cycle of repetitive esterification in the presence of molecular sieves (100 mg/mL; P < .05).
activity/performance. Esterification is generally a waterlimited reaction [35] , and excess of water activity inhibits the forward catalytic reaction in water restricted/organic medium. The formation of water also causes aggregation of support particles resulting in a decrease in the rate of enzyme activity. Esterification of isopropyl alcohol and ferulic acid by silica-immobilized lipase in the absence of a water scavenger/molecular sieves exhibited approximately 84% esterification. However, presence of molecular sieves in the reaction cocktail significantly improved the isopropyl yield up to 90% that was approximately 48% more than that recorded for the synthesis of ethyl ferulate (68 mM) in DMSO as reported recently [24] . The addition of molecular sieves usually improved the equilibrium conversion [24, 36] , yet in many cases negative effects such as the formation of diester and degradation of unstable substrates have also been reported [37, 38] . Fe 2+ , Ca 2+ , and Cd 2+ enhanced the activity of immobilized lipase while Co 2+ , Zn 2+ Mg 2+ , and Mn 2+ showed an inhibitory effect on the catalytic behavior of enzyme. NH 4 + and Ba 2+ ions did not show any significant effect on the esterification activity of immobilized lipase. The immobilized enzyme presented a particular affinity for certain salt ions like Fe 2+ , Ca 2+ and Cd 2+ and the conversion of the reactants into isopropyl ferulate approached to 85.3% ( Figure 5 ). In a previous study on Burkholderia multivorans V2, the exposure to salt ions such as Ca 2+ , Mg 2+ and Mn 2+ stimulated the lipase activity while Cu 2+ Fe 2+ and Zn 2+ ions antagonized the biocatalytic potential of lipase [30] . In a recent study, Co 2+ , Ba 2+ , and Pb 2+ ions enhanced while Hg 2+ , Ca 2+ , and NH 4 + antagonized the catalytic activity of a celite-bound commercial lipase for the synthesis of ethyl ferulate [24] . The inhibitory nature of transition metals has been thought to be due to interaction of ions with charged side chain groups of surface amino acids, thus influencing the conformation and stability of the enzyme [39] . However, in the present study, Fe 2+ ions were found to have good stimulatory effect on the synthesis of isopropyl ferulate. Previously, the Fe 2+ ions have been found to have an antagonistic effect on esterification [30] that is in contradiction to the above observation. The Al 3+ and Co 2+ had moderate inhibitory effect on the lipase activity. The stimulatory effect of Mg 2+ and Ca 2+ on lipase activity had been reported by several researchers and has been attributed to structural alterations in the catalytic site of the lipase rather than any catalytic role assigned to these ions [40] . The immobilized enzyme was pretreated separately with each of the three salt ions (Fe 2+ , Ca 2+ , and Cd 2+ ) at concentration 1, 3, and 5 mM. An increase in the concentration of Fe 2+ up to 5 mM showed a sharp decrease in the ester synthesis while Ca 2+ caused a rise in isopropyl ferulate synthesis at the concentration 3 mM and above. In case of Cd 2+ ions, an increase in the concentration up to 5 mM did not exhibit any modulation in ester formation ( Figure 6 ). Previously, Cd 2+ ions have been found to have an inhibitory role in the synthesis of ethyl ferulate [24] .
Reusability of Immobilized Biocatalyst for Ester Synthesis.
It was observed that the silica-immobilized lipase catalyzed the esterification appreciably for the first three cycles, and, thereafter, its activity started to decline significantly (P < .05). The silica-bound lipase yielded 14.8 mM of isopropyl ferulate at 45
• C after the 6th cycle of esterification ( Figure 7) . Thus, about 33% decrease in the esterification efficacy of the silica-bound biocatalyst was observed after the 5th repetitive Enzyme Research 7 cycle of esterification. The immobilization onto inert and nonsoluble matrix like silica aided in reusability of lipase and its easy recovery too; however, the leaching of the bound lipase during repetitive reuse seems to be one of the drawbacks of such a matrix.
Conclusion
In this work, we demonstrated the synthesis of a medically important ester isopropyl ferulate in a waterrestricted medium by a silica-immobilized commercial lipase. Besides, the isopropyl ferulate being produced at high level (∼90% yield) in a short period of time (3 h), the enzyme retained good activity and stability after repetitive use and a remarkable stability towards organic solvent DMSO. These results, especially the cumulative effect of various parameters like temperature, pH, reaction time, molar ratio of reactants, and removal of byproduct of esterification by molecular sieves, vastly improved the yield of the isopropyl ferulate that was approximately 47% more than that reported for the synthesis of ethyl ferulate in DMSO recently [24] . The obtainable higher yield of isopropyl ferulate in a water-free reaction system supported the potential applications of a silica-immobilized lipase in achieving biocatalysis in organic medium. This approach thus justifies a future framework for the synthesis of various acyl-derivatives of ferulic acid as medically important esters which can be used as prodrugs in pharmaceutical industry.
